Abstract Nucleotide release constitutes the first step of the purinergic signaling cascade, but its underlying mechanisms remain incompletely understood. In alveolar A549 cells much of the experimental data is consistent with Ca 2+ -regulated vesicular exocytosis, but definitive evidence for such a release mechanism is missing, and alternative pathways have been proposed. In this study, we examined ATP secretion from A549 cells by total internal reflection fluorescence microscopy to directly visualize ATP-loaded vesicles and their fusion with the plasma membrane. A549 cells were labeled with quinacrine or Bodipy-ATP, fluorescent markers of intracellular ATP storage sites, and time-lapse imaging of vesicles present in the evanescent field was undertaken. Under basal conditions, individual vesicles showed occasional quasi-instantaneous loss of fluorescence, as expected from spontaneous vesicle fusion with the plasma membrane and dispersal of its fluorescent cargo. Hypo-osmotic stress stimulation (osmolality reduction from 316 to 160 mOsm) resulted in a transient, several-fold increment of exocytotic event frequency. Lowering the temperature from 37°C to 20°C dramatically diminished the fraction of vesicles that underwent exocytosis during the 2-min stimulation, from~40% to ≤1%, respectively. Parallel ATP efflux experiments with luciferase bioluminescence assay revealed that pharmacological interference with vesicular transport (brefeldin, monensin), or disruption of the cytoskeleton (nocodazole, cytochalasin), significantly suppressed ATP release (by up to~80%), whereas it was completely blocked by N-ethylmaleimide. Collectively, our data demonstrate that regulated exocytosis of ATP-loaded vesicles likely constitutes a major pathway of hypotonic stress-induced ATP secretion from A549 cells.
Introduction
Extracellular ATP, UTP, and their degradation products are important autocrine/paracrine mediators in most tissues, including lung epithelia. Through interactions with cell surface purinergic receptors they regulate diverse functions, such as fluid secretion, cell proliferation, stem cell homing, pain sensation, neutrophils chemotaxis, and mucociliary clearance [1, 2] . Despite physiological relevance of the responses triggered by extracellular purines in the lungs, little is known about their origin on the airway surface and in the alveolus, and their mechanisms of release remain incompletely understood [3] . Mechanical perturbations, namely, cell stretch, shear, and hypo-osmotic swelling, have been shown to elicit significant ATP release from many cell types through a cell-regulated process that does not involve cellular lysis [4] [5] [6] . Mechano-sensitive nucleotide secretion is particularly relevant in the lungs, where surface epithelia, during tidal breathing and cough, are exposed to air flowinduced shear stress in the airways and cell stretch/ distortion in alveoli. Physical forces are known regulators of lung formation and function [7, 8] ; cell distortion, for example, is considered as the predominant physiological stimulus for surfactant secretion in the alveolus [9] , which may involve mechano-sensitive release of ATP, a major surfactant secretagogue. Bearing in mind the importance of extracellular ATP in the alveoli, we focused our investigations on the ATP release mechanism in human pulmonary adenocarcinoma A549 cells, which have many features consistent with alveolar type II (AT2) epithelial cells. Morphologically, they retain a cuboidal shape and bear a number of the ultrastructural characteristics, including lamellar bodies, consistent with those reported in AT2 cells in situ. They also manifest similar phospholipid biosynthetic properties and have been found to release and/or express a variety of cytokines and growth factors [10, 11] .
Hypo-osmotic stress is often used as a surrogate of mechanical stimulus, with which it shares many similarities including membrane stretch/unfolding, transient cytoskeleton reorganization, and activation of intracellular Ca 2+ and Rho/Rho kinase signaling pathways. Our earlier investigations disclosed that hypo-osmotic stress-induced ATP release from A549 alveolar cells, and 16HBE14o
− airway epithelial cells, depends tightly on intracellular Ca 2+ concentration ([Ca 2+ ] i ), and similar dependence was observed when the release was elicited by cell mechanical deformation at the air-liquid interface. ATP secretion was almost completely inhibited at low temperature (10°C) or by application of N-ethylmaleimide (NEM), implicating an exocytotic process [12] [13] [14] . Other studies, however, suggested that pannexin 1 channels mediate conductive ATP release from agonist (thrombin)-activated A549 cells, and hypotonic stress-activated A549 and airway epithelial cells [15] [16] [17] . The present study was undertaken to further examine the mechanism underlying stress-induced ATP efflux in A549 cells. In addition to examining the effects of pharmacological agents known to interfere with the cytoskeleton or with the exocytotic process, we have also utilized total internal reflection fluorescence (TIRF) microscopy in an attempt to directly visualize ATP-loaded vesicles as well as their recruitment and fusion with the plasma membrane during stimulated ATP release.
Methods

Cells
Human lung carcinoma A549 cells, a model of AT2 cells, were grown in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine. ATP efflux was measured from A549 cell monolayers grown to confluence (~500 cells/mm 2 ) on 24×60 mm glass coverslips. TIRF imaging experiments were conducted with cells grown at low density (40-60% confluence) on 22×22-mm glass coverslips. To block exocytosis, the cells were pre-treated with 1 mM N-ethylmaleimide for 15 min at room temperature, and were examined at 37°C after washing.
ATP efflux assay ATP efflux was measured with high temporal resolution in a custom-designed, low-volume (325 μL) flow-through chamber similar to that described previously [12] . Briefly, a 24×60-mm coverslip with confluent cell monolayer was mounted in the chamber and perfused with a warm (37°C) solution by in-line SF-28 heater (Warner Instruments Co., Hamden, CT, USA) at 1.3 mL/min. The cells were stimulated with hypotonic saline (HS) of 50% reduced osmolality (see below). To assure unbiased selection, care was taken to include vesicle that showed different initial fluorescence intensities and were in different locations within the cell outline. Vesicle clusters, often seen as irregularly shaped spots of high intensity, were omitted in the analysis because of difficulty in resolving individual vesicles. The time course of quinacrine fluorescence intensity changes was measured for those vesicles that retained their XY position within the ROI throughout the observation period, typically 1-2 min. Changes in the mean fluorescence intensity of each ROI were displayed in arbitrary units (AU) without background subtraction. Background fluorescence, varied between different experiments and within individual cells, was typically between 500 and 1,000 AU. Exocytotic events were defined as the quasi-instantaneous decreases of ROI fluorescence of >20% between two sequentially acquired images, i.e., within~1 s. Temporal resolution was limited by the image acquisition rate of our system (1 image/s).
Statistical analysis
Statistical significance was determined by two-sample independent t test, and P<0.05 was considered significant. Origin 7.5 (OriginLab, Northampton, MA, USA) was used for statistical analysis. The data are presented as mean values ± SD, and the number of experiments per group is included in the figure legends.
Results
Cytoskeleton disruption and exocytosis modulators affect ATP release To explore the release mechanism, here, we studied ATP efflux in a flow-through chamber and tested the effect of pharmacological agents known to influence cytoskeleton integrity or interfere with various steps of the exocytotic process. Figure 1 demonstrates that peak ATP release, typically observed 2-3 min after stimulation with 50% hypotonic stress [12, 21] Fig. 1 Modulators of cytoskeleton and vesicle formation affect ATP release from A549 cells. a Examples of ATP release time course measured in a flow-through chamber with A549 cells treated with brefeldin A (BFA) to disrupt the Golgi complex, exocytosis inhibitors monensin and NEM, and cytochalasin D and nocodazole to disrupt the cytoskeleton. They were stimulated with 50% hypotonic stress (t=0), and ATP release rate was expressed in pmol/min/10 6 cells. b The peak rate of release (black bar) and total ATP secreted during 15 min of hypotonic stimulation (gray bar) were inhibited in cells treated with different agents acting on the cytoskeleton or affecting vesicle formation. The data, mean values ± SD from three to four independent experiments for each drug tested, were normalized to control values. All drugs produced significant inhibition of ATP release, indicated by asterisks (two-sample independent t test, P<0.05) machinery with NEM (1 mM, 15 min) exerted the strongest effects,~81% and~95% inhibition, respectively. The inhibitory outcomes were somewhat lower when total ATP release was evaluated (Fig. 1) . These results are consistent with the view that regulated exocytosis may be responsible for most ATP release observed in these experiments.
Fluorescent staining of intracellular ATP storage sites A549 cells were labeled with quinacrine, considered to be the preferred available fluorescent marker for detecting releasable ATP stores [22] [23] [24] . Figure 2 shows quinacrine loading into A549 cells at room temperature, monitored by confocal microscopy as changes of fluorescence intensity or fluorescence lifetime with FLIM. Both intensity and lifetime images revealed non-uniform quinacrine distribution within the cells. Punctate staining, which results from vesicular accumulation of the dye, was seen throughout the cytoplasm but was particularly abundant and intense in the perinuclear region. Quinacrine loading seemed to saturate after 15-20 min (not shown). Similar granular staining and distribution pattern was observed with TIRF microscopy in cells pre-loaded with quinacrine or the fluorescent ATP analog Bodipy-ATP (Fig. 3) . To study exocytosis of quinacrine-stained vesicles, fluorescence intensity changes of individual vesicles were analyzed at 37°C under basal conditions and during cell stimulation by hypotonic shock for a total observation time of 1-2 min. Figure 4a represents an example of a single quinacrinestained cell imaged by TIRF microscopy. Sequential TIRF images in Fig. 4b show the time course of fluorescence intensity changes of vesicles (indicated by arrows) in a small cell region. This is presented graphically in Fig. 4c, giving three typical examples of single-vesicle fluorescence intensity changes observed during hypotonic shock stimulation. Vesicle (1), which did not undergo exocytosis, showed only gradual loss of the fluorescence due to photobleaching. Vesicle (2) manifested an abrupt loss of fluorescence, as expected from exocytotic quinacrine release and its dispersal by diffusion. In this case, it was preceded by a transient fluorescence increase likely owing to vesicle recruitment towards the plasma membrane at the cell base, i.e., deeper in the evanescent field. Since evanescent field intensity increases exponentially in close proximity to the glass a 
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Bodipy-ATP substrate, a stronger fluorescence will be elicited in vesicles near the substrate than those further away. Vesicle (3) also displayed an abrupt loss of fluorescence, but without the preceding intensity increase, and may represent a vesicle that was already docked at the plasma membrane before stimulation. In subsequent analysis, such abrupt fluorescence losses of individual vesicles were interpreted as exocytotic events.
Hypotonic shock transiently stimulates exocytosis of quinacrine-stained vesicles
To examine the effect of hypotonic stimulation, the number of exocytotic events observed in a field of view was counted at different time points before and during stimulation. Figure 5a represents an example of such TIRF image analysis, with several cells in the FOV and with 120 selected ROI. Figure 5b demonstrates that exocytotic events, seen as abrupt losses of fluorescence intensity, take place at different time points during stimulation. These data are presented as histogram of exocytotic events in Fig. 5c . It demonstrates that hypotonic stimulation was associated with a transient, several-fold increase in the number of exocytotic events during the first~60 s of the stimulus (t=20-80 s), as compared to very few spontaneous events occurring under basal conditions before the stimulation (t=0-20 s). Such transient stimulation compares well with the time course of ATP release shown in Fig. 1a , despite differences in the way the hypotonic stimulus was applied (solution perfusion versus direct addition of water). In these experiments, performed at 37°C,~40% of vesicles underwent exocytosis during the first 2 min of hypotonic stimulation (146 out of 367; cumulative data from 30 cells in three independent experiments). Interestingly, when similar experiments were performed at 20°C, only 0.6% of vesicles underwent exocytosis during the 2 min of hypotonic stimulation (two vesicles out of 334; cumulative data from 19 cells in three independent experiments), Fig. 5d . Thus, the rate of exocytosis observed by TIRF microscopy was significantly diminished at reduced temperature.
Discussion
Nucleotide release is a key step in the purinergic signaling cascade that affects multiple components of innate lung defense including airway surface liquid homeostasis, ciliary beating, mucin release, and surfactant secretion in the alveoli [25] [26] [27] . However, the mechanisms by which ATP is released from non-excitable cells are still being debated [28, 29] . The generally accepted consensus is that several ATP release pathways may be functional in the same cell, depending on the stimulus and physiological/pathological conditions. In principle, two distinct mechanisms may underlie non-lytic mechano-sensitive ATP release from epithelial cells: (1) exocytosis of ATP-containing vesicles; (2) cytosolic ATP secretion via intrinsic plasma membrane proteins, which could be either channels or transporters (nucleotide transporters or nucleotide/nucleoside exchangers). While exocytosis remains least controversial, much effort has focused on a search for ATP-conducting channels, and the list of possible channel candidates has expanded enormously in the last decade. Possible ATP release pathways and their regulatory mechanisms are discussed in detail in recent excellent reviews [28, 29] . Current understanding of these mechanisms is briefly summarized below to put the results of the present study into the context. Early reports have suggested that the cystic fibrosis transmembrane conductance regulator (CFTR) and other members of the superfamily of ATP-binding cassette transport proteins serve as a conductive pathway for ATP release, or regulate an associated ATP channels [30, 31] . Re-examination of this hypothesis with the patch clamp, lipid bilayer, and luminometry techniques, has not revealed any detectable CFTR-mediated or CFTR-regulated ATP release [6, [32] [33] [34] [35] [36] [37] . It was also found that stretch-activated, gadolinium-sensitive channels are an unlikely pathway for ATP efflux [38] . Volume-regulated anion channels (VRAC) are known to have considerable permeability to cations and large organic anions [39, 40] , and several studies have implicated VRAC in conductive ATP release and autocrine regulation of cell volume, or non-synaptic communication between axons and nervous system cells. Not all studies support that view, and until VRAC are identified at the molecular level, evidence for their role as ATP conduits will remain circumstantial [12, 34, [41] [42] [43] [44] . Cell swelling has also been found to induce a large-conductance (~400 pS), voltage-dependent Cl − channels [45] that are permeable to ATP, and to some extent, resemble voltage-dependent anion channels (VDAC, porin, or maxi Cl − channel) [44, 46] .
VDAC mediates ATP movement across the outer mitochondrial membrane [47] , and similar channels have occasionally been found in the plasma membrane of several cells [48] . Finally, connexins and the related pannexins currently appear to be the most extensively investigated family of proteins reported to function as ATP conduits in a broad range of cell types [17, 29, [49] [50] [51] [52] .
In the specific case of hypotonic stress-induced ATP secretion from alveolar A549 cells, evidence exists in support of both conductive and non-conductive (exocytotic) ATP release. Observations that are consistent with an exocytotic release mechanism include the following: (1) ATP secretion is a Ca 2+ -dependent process tightly correlated with [Ca 2+ ] i elevation [12, 21] . (2) There is a limited pool of releasable ATP: typically less than 5% of cell ATP content is liberated, most of it during the first 3-5 min of Cumulative data from three independent experiments performed at 37°C ; 367 ROI totally. d Single-vesicle fluorescence intensity changes during hypotonic shock at 20°C. For clarity, intensity traces from only 13 ROI in one cell are illustrated. Only one trace showed a step-drop of fluorescence (arrow). The data are representative of three experiments: 334 ROI totally the continuous 15-30-min hypotonic stimulation [12, 21] (Fig. 1a) . Such release might be expected for a mechanism that involves a limited pool of readily releasable vesicles, analogous to that in neuroendocrine cells and neurons. (3) The ratios of co-released nucleotides ADP/ATP (1:3) and UDP/UTP (1:2) are markedly higher than the cytosolic ratios of these species, suggesting that a nucleotide diphosphate-rich compartment, e.g., the secretory pathway, contributes to nucleotide release [13] . (4) ATP release is almost completely inhibited at reduced temperature (10-20°C), as expected for an exocytotic process that involves several highly temperature-sensitive steps, such as vesicle trafficking and membrane fusion. Partial reduction of ATP secretion under those conditions is indicative of a conductive (diffusive) release pathway [12] . (5) Laser confocal microscopy experiments have revealed increased FM1-43 staining of the plasma membrane of A549 cells upon hypotonic shock or ionomycin treatment, consistent with enhanced vesicular exocytosis and membrane recycling under such conditions [13] .
The present study adds important complementary evidence demonstrating that exocytosis of ATP-loaded vesicles operates in A549 cells and that it is likely the major stress-induced ATP release pathway in these cells. Quinacrine labeling of A549 cells disclosed punctate staining, indicating ATP storage within cytoplasmic granules (Figs. 2, 3, 4 , and 5). Similar granular quinacrine staining has been reported in rabbit ciliary epithelial cells [22] , human vascular endothelial cells [19] , rat pancreatic acini [23] , lymphocytes [24] , astrocytes [20, 53] , and rat hepatoma cells [54] . In the present study, similar staining of A549 cells was also observed with the fluorescent ATP analog Bodipy-ATP, supporting the view that quinacrine labels ATP-containing vesicles (Fig. 3) . A similar accumulation pattern of both, fluorescent ATP analogue and quinacrine, was also found in pancreatic [23] as well as parotid and lacrimal gland acini [55] . It should be noted, however, that quinacrine has been shown to bind to a variety of polyanions, not only ATP, and to accumulate within acidic intracellular compartments [56] . Thus, quinacrine fluorescence should be interpreted with caution and serve only as a semiquantitative, indirect tool to monitor vesicular ATP.
By applying TIRF microscopy to quinacrine-stained cells, we were able to directly detect exocytotic events of quinacrine/ATP-loaded vesicles, which were seen as abrupt changes of their fluorescence due to post-exocytotic dispersal of vesicular cargo. Abrupt loss of single-vesicle fluorescence was occasionally preceded by transiently increased fluorescence, which could have resulted from two processes. The first is vesicle movement along the z-axis towards the plasma membrane at the cell base, representing vesicle recruitment. The more intense evanescent field at the cell base results in increased fluorescence but it remains localized in well-defined spot until vesicle fusion with the plasma membrane. The second process may derive from post-exocytotic release of fluorescent cargo towards the intense evanescent field at the glass substrate and could be seen as fluorescence spread followed by a rapid disappearance. Such observations require special conditions because dilution of the dye after exocytotic release rapidly reduces the fluorescence signal. A transient increase of fluorescence intensity could be favored if fluorescent cargo is released in the narrow extracellular space confined between the cell base and the glass substrate, as opposed to the release into open space, e.g., at the cell edge. In our experiments,~25% of exocytotic events showed such a transient fluorescence increase. The majority of vesicles displayed only a quasiinstantaneous fluorescence decline, suggesting the involvement of pre-docked vesicles, but we may have missed some vesicles showing transiently increased fluorescence due to limited temporal resolution of our image acquisition system. Nevertheless, an abrupt decrease of fluorescence attributed to exocytosis was consistently recorded in all experiments, allowing analysis of the effects of cell stimulation and low temperature on exocytosis. The rate of exocytotic events observed by TIRF microscopy was strongly stimulated at the onset of hypotonic stress (first 60-80 s) and almost completely inhibited by lowering the temperature to 20°C, which parallels similar modulation of ATP release from A549 cells studied previously by luciferase bioluminescence assay [12] . Disruption of the cytoskeleton and interference with vesicle formation strongly diminished ATP secretion, while up to 95% of ATP release was inhibited by NEM, indicating that exocytosis is responsible for most, if not all release observed in these experiments [12] . It should be noted that in TIRF experiments only a thin slice of a cell is illuminated by the evanescent field that extends~100 nm from the glass substrate, limiting observation of exocytotic events to the cell base. However, due to isotropic nature of the hypoosmotic stimulus and the fact that A549 cells are not well polarized, similar exocytotic release might be expected to take place at the "luminal" surface. This notion is supported by a reasonably good temporal correlation between kinetics of exocytosis, detected by TIRF, and ATP release studied with luciferase-luciferin assay, in hypotonicity-stimulated A549 cells.
Our conclusion that vesicular exocytosis is responsible for the major part of ATP release is at variance with recent studies on A549 and airway epithelial cells, in which pharmacological inhibitors of pannexin 1 and pannexin 1 knockdown significantly decreased hypotonicity-stimulated ATP secretion [15, 17] , leaving only residual ATP release that could be attributed to other pathways, such as exocytosis. The fact that a large part of ATP release was blocked by different approaches, one intended to interfere with pannexin 1 function [15, 17] , the other with exocytosis (this study and [12] ), might be attributed, at least in part, to the non-specific effect of the pharmacological and bio-physical (low temperature) tools which may affect both release pathways. Furthermore, both pathways may have common elements that are activated by hypo-osmotic stress, such as cytoskeleton re-arrangements [57] . Nevertheless, a more specific approach of pannexin 1 knockdown provides a strong support for its role in hypotonicity-stimulated ATP release. Whether pannexin 1 functions as ATP-conducting channel, or has indirect role as a regulator of other ATP release pathways, remains unclear. Conductive ATP release mechanisms are still incompletely characterized, and several important questions remain open. For example, regardless of the molecular nature of ATP-conducting channels, the main conceptual difficulty with such a release mechanism is that ATP permeation pore has to be of large dimensions (0.6 to 1.1 nm, [44] ), resulting in poor selectivity and large conductance (hundreds of pS) for small ions such as K + , Na + , Cl − , and Ca 2+ . Thus, opening such large, nonselective pores in the plasma membrane will elicit significant influx of Na + and Ca 2+ down their electrochemical gradients into the cytoplasm. Although collapse of transmembrane ionic gradients might be relevant for triggering cell death and apoptosis [58] , it may pose a significant challenge to normal cell function and survival. Several mechanisms could be in place to limit the deleterious effects of opening such pores; for example self-inhibition by extracellular ATP and interaction with cytoskeletal components were proposed to control pannexin 1 activity, reviewed in [29] . However, even if the duration of channel activity is strictly controlled, a significant amount of Ca 2+ will permeate into the cells via open channel pores during ATP release. For hypotonic stress-activated A549 cells, ATP release peaks for about 3-5 min, before it declines to the background level, Fig. 1 [12] . How much extracellular Ca 2+ could enter into the cell during ATP secretion? Pannexin selectivity has not been studied in as much detail as, e.g., the mitochondrial VDAC [59] , but the current literature indicates that pannexin channels have significant Ca 2+ permeability, comparable to K + , i.e., higher than for ATP itself [60, 61] . Making a conservative assumption that only one Ca 2+ ion gets into the cell for each ATP molecule that goes out, we could estimate that hypotonicity-stimulated, cumulative ATP release from A549 cells (~10 ] i response coincides with the peak rate of ATP release. It was, however, much lower (~100-fold) than the above estimate suggests [12] . Furthermore, in the case of A549 cells, the response did not involve Ca 2+ influx from extracellular spaces, but was entirely due to Ca 2+ release from intracellular stores [21] . There are at least two possible explanations for this discrepancy: either currently available data greatly over-estimate pannexin 1 Ca 2+ permeability, or pannexin 1 in A549 cells does not functions as plasmalemmal ATP channel, but as ATP release regulator. Pannexin1 has been shown to form associations with other proteins, including P2X 7 purinergic receptor, subunit of the voltage-dependent potassium channel, and actin microfilaments, but its role in these complexes remains unclear [52, 61] . Intracellular roles of pannexins are also emerging, for example, pannexin 3 functions as an endoplasmic reticulum Ca 2+ channel in osteoblasts, HEK 293, and prostate cancer epithelial LNCaP cells [50, 63] , adding to the complexity of understanding their potential role in ATP secretion. Clearly, further studies on pannexin channels are required to clarify this issue and to facilitate more complete knowledge of their functions in cells. While the conductive ATP release mechanisms await more complete characterization, Ca 2+ -dependent vesicular exocytosis, which represents a safe and well-regulated mechanism available to cells for controlled ATP secretion, offers a more consistent description of our experiments.
In summary, we demonstrated that Ca 2+ -dependent exocytosis of ATP-loaded vesicles operates in alveolar A549 cells and it likely represents a major pathway of hypotonic stress-stimulated ATP secretion in these cells. Such a mechanism is also consistent with mechano-sensitive ATP release seen with A549 cells stimulated by tension forces at the air-liquid interface [14] .
